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Abstract 
We report on the first measurement of the thermal conductivity of a suspended single 
layer graphene. The measurements were performed using a non-contact optical 
technique. The near room-temperature values of the thermal conductivity in the range ~ 
(4.84±0.44)×103 to (5.30±0.48)×103 W/mK were extracted for a single-layer graphene. 
The extremely high value of the thermal conductivity suggests that graphene can 
outperform carbon nanotubes in heat conduction.  
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Graphene – a recently discovered form of carbon1, which consists of only one plain layer of 
atoms arranged in a honey-comb lattice – exhibits a number of intriguing properties1-8. Its 
extraordinary high room-temperature (RT) carrier mobility1,8, conductance quantization5, 
possibilities of inducing a band-gap through the lateral quantum confinement8, and prospects for 
epitaxial growth9 make graphene a promising material for future electronic circuits. Despite 
theoretical suggestions that graphene may also have unusually high thermal conductivity10-12 no 
measurements were reported to date to support this claim.  
 
With the continuously decreasing size of electronic devices and increasing dissipation power 
density in downscaled circuits, one observes a tremendous growth of importance of materials 
that can conduct heat efficiently. CNTs are known to have very high thermal conductivity13-14 K 
with the experimentally determined RT value K≈3000 W/mK for an individual multi-wall 
carbon nanotube (MW-CNT)15 and K≈3500 W/mK for an individual single-wall carbon 
nanotube (SW-CNT).16  The RT thermal conductivity in the range 1750 – 5800 W/mK was 
reported for the crystalline “ropes” of SW-CNTs.17 These values exceed those of the best bulk 
crystalline thermal conductor – diamond – which has the thermal conductivity in the range 
K=1000 – 2200 W/mK.18  Theoretical calculations of the thermal conductivity of CNTs mostly 
support the experimental results for individual CNTs, although some discrepancy exists. 
Molecular dynamics (MD) simulations suggested an unusually high value, K≈6600 W/mK, for 
an insolated CNT at RT.19 Another MD study found RT thermal conductivity in the range 1500 
– 3000 W/mK for SW-CNT.20  
 
In spite of the importance of the knowledge about the thermal conductivity of graphene no 
experimental data has been reported to date. The latter can be explained by the fact that the 
conventional techniques for measuring the thermal conductivity such as thermal bridge, 3ω 
method or “laser-flash”, are not well suited for single-layer graphene (SLG). The 3ω method is 
good for measuring the cross-plane thermal conductivity, and requires substantial temperature 
drop over the thickness of the examined film.21-22 Graphene with the thickness of one atomic 
layer and expected high thermal conductivity cannot satisfy such a requirement. The direct 
thermal-bridge measurements of graphene are possible in principle but very challenging 
technologically.  
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Here we undertook an unconventional approach for the non-contact measurement of the thermal 
conductivity of graphene by using the confocal micro-Raman spectroscopy. Several factors, 
specific for graphene, made it possible. Graphene has clear signatures in Raman spectra23-25. We 
have also recently discovered that the G peak in graphene spectra manifest a strong temperature 
dependence.26 The G peak’s temperature sensitivity allows one to monitor the local temperature 
change produced by the variation of the laser excitation power focused on a graphene layer. In a 
properly designed experiment, the local temperature rise as a function of the laser power can be 
utilized to extract the value of the thermal conductivity. A Raman spectroscopy – based 
technique has been previously used successfully for measuring the thermal conductivity of 
poorly heat conducting materials and thin films.27-28 At the same time, there are major 
differences in heat spreading in graphene from that in conventional materials. For this reason we 
had to develop a new measurement methodology and derive expressions suitable for the thermal 
conductivity extraction for graphene. The Raman spectroscopy-based measurement of the 
thermal conductivity is not suitable for the bulk crystalline materials with the high thermal 
conductivity because of the rapid escape of heat, produced by the laser excitation, in three-
dimensional systems. The latter prevents a local temperature rise detectable with the Raman 
spectroscopy for reasonable excitation power levels. Luckily, graphene has a thickness of only 
one atomic layer. Thus, if we suspend graphene over a trench and heat in the middle, the heat is 
forced to propagate in-plane through the layer with the thickness24 h= 0.35±0.01 nm toward the 
heat sink. The extremely small cross-section area of the heat conduction channel makes the 
detection of the local temperature rise possible.  
 
Graphene samples have been obtained by the mechanical cleavage of bulk graphite using the 
standard technique1. The SLG flakes connected to multi-layer graphenes were selected using the 
Raman spectroscopy and 2D-band deconvolution23,25. Figure 1 shows that the suspended 
graphene flake has the Stokes G peak at 1583 cm-1 and a symmetric 2D band around 2700 cm-1, 
which is consistent with the reported SLG spectra23-26. We fabricated trenches on a number of 
Si/SiO2 substrates by the reactive ion etching and placed long graphene flakes over these 
trenches to obtain suspended graphene. The nominal depth of the trenches was 300 nm. The 
width of the trenches varied from 2 to 5 µm. One can see in this figure 5-µm-wide SLG and 1-
µm-wide few-layer graphene (FLG) bridging the two side of the trench. The scanning electron 
microscopy (SEM) image in Figure 2 gives a close-up view of the suspended graphene layers 
over the 3-µm-wide trench.  
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The schematic of the experiment is shown in Figure 3. The measurements were carried out using 
the confocal micro-Raman spectroscopy25-26, which allowed us to restrict the graphene sampling 
volume to the suspended portion of the flake. The laser light was focused in the middle of the 
suspended SLG with the spot size of about 0.5-1.0 µm. Since the thermal conductivity of air is 
negligible (~0.025 W/mK) the heat generated in SLG due to the laser excitation has to escape 
propagating laterally through the extremely thin graphene layer. As a result, even a small power 
dissipated in the middle of SLG can lead to a detectable rise of the local temperature. Many of 
the examined grapheme flakes were connected at the periphery to bulk graphite. The attached 
large graphitic peaces at the distance of 9-10 µm from the trench edge acted as heat sinks. The 
heat sink temperature does not change during the experiment for the low power levels involved. 
The thermal coupling of graphene to Si substrate is also small due to the microscopic 
corrugations of the partially suspended graphene, low thermal conductivity of the oxide (~1 
W/mK) and very large thermal interface resistance. As a result the heat wave generated over the 
suspended portion of graphene continues to propagate all the way to the heat sink. From the 
available excitation wavelengths we have chosen 488-nm laser light for this experiment. The 
shorter excitation wavelength in the ultraviolet range, e.g. 325 nm, is strongly absorbed and 
good for heating the sample surface but it does not provide clear Raman signatures for graphene. 
The longer wavelength, e.g. 633 nm, excites informative scattering spectra from graphene but 
does not produce local heating as efficiently as 488 nm laser light.      
 
The heat conduction through the surface with the cross-sectional area S can be evaluated as 
/ ,Q t K T dS∂ ∂ = − ∇ ⋅∫v  where Q is the amount of heat transferred over the time t and T is the 
absolute temperature. The phonon mean free path data reported for CNTs14-16 suggest that the 
thermal transport in graphene over µm-size flakes has to be at least partially diffusive. The exact 
shape of the heat front propagating through SLG is not known and depends on the shape of the 
flake and its edges. Two limiting cases can be considered: the radial heat flow from the middle 
of the suspended flake toward its borders, and a plane-wave front in two opposite directions 
toward the trench edges. The first case is appropriate when the laser-induced hot-spot is much 
smaller than the suspended graphene layer size while the second case corresponds to the 
situation when the laser hot-spot is comparable to the layer width  W. Writing the uniform radial 
heat flow equation for the two laser excitation power levels P1 and P2, which correspond to the 
two hot spot temperatures, we obtained the expression for the thermal conductivity 
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K=(1/2πh)(∆P/∆T), where h is SLG thickness and the local temperature rise ∆T is due to the 
changing heating power ∆P =P2-P1.  
 
Since the excitation power levels are relatively low the G peak position linearly depends on the 
sample temperature26 ω=ωo+χGT. The final expression for the thermal conductivity in the radial 
case can be written as 1(1/ 2 )( / )GK h Pχ π δω δ −= , where δω is a small shift in the G peak 
position due to the variation δP in the heating power on the sample surface. Analogous 
considerations for the case of the plane-wave heat front lead to the expression K=(L/2S)(∆P/∆T), 
where L is the distance from the middle of the suspended SLG to the heat sink with the ambient 
T and S=h×W. Finally, the thermal conductivity can be evaluated as 
1( / 2 )( / ) .GK L hW Pχ δω δ −=  The above equations include the change in the heating power δP 
on graphene rather than its absolute value or the total power change. A detail analysis of the 
method accuracy with the estimate of the power loss in the trench bottom is given at the end of 
this letter.  
 
We measured the excitation power dependence of the Raman G peak for a number of the long 
graphene flakes suspended over the trench and connected to the large graphite heat sinks. The 
examined samples were described better by the equation for the heat plane waves propagating in 
two opposite directions toward heat sinks. The excitation power at the graphene sample location 
was determined with the power meter. The increase in the excitation power led to the increase in 
the intensity count and red shift of the G mode peak. The intensity increase is clearly seen in 
Figure 4. The red shift indicates a rise in the local temperature in the middle of the suspended 
graphene. Figure 5 shows the G peak position dependence on the total dissipated power PD for a 
high-quality suspended SLG. In this figure the peak position change is referenced to the value, 
which corresponds to the lowest excitation power. The extracted slope is δω/δPD ≈ – 1.29 cm-
1/mW. The temperature coefficient χG for the G peak of graphene was determined by us 
previously for SLG produced by the same technique26. It was accomplished by keeping the low-
level of laser excitation constant and externally changing the temperature of SLG placed in the 
cold-hot cell. Extracting from the measured δω/δPD the value for graphene δω/δP though the 
procedure outlined below, and substituting together with χG = – 1.6 ×10-2 cm-1/K and h to the 
second equation for the thermal conductivity we obtain for the set of SLG samples the averaged 
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values in the range (4.84±0.44)×103 to (5.30±0.48)×103 W/mK. The extracted thermal 
conductivity is on the high-end of the values reported for CNTs or exceeds them.  
 
The thermal conductivity of SLG with the RT electrical resistance of 1-4 kΩ is mostly due to the 
acoustic phonons since the electron contribution to K, estimated from the Wiedemann-Franz 
law, is negligible. This is consistent with the observation for the thermal conductivity of 
individual CNTs15,17. It is illustrative to compare the obtained result with the Klemens29 
calculation of the thermal conductivity of graphite in the basal plane (a-plane). In his work, the 
thermal conductivity of the highly oriented pyrolytic graphite (HOPG) was treated in terms of 
the two-dimensional phonon gas. For the intrinsic, i.e. Umklapp scattering limited thermal 
conductivity, Klemens found K=1910 W/mK at RT. Our experimental value for graphene is 
approximately a factor of three larger. Better thermal conduction properties of graphene can be 
related to the smaller Grüneisen parameter γ for the pertinent phonon modes as predicted from 
the first-principle calculations30 since Κ ~ 1/γ2. A recent MD study of the in-plane thermal 
conductivity of graphite31 reported K=1000 W/mK which is approximately two times below the 
Klemen’s result. The same study found K=2980 W/mK for CNTs and revealed a strong 
dependence of the thermal conductivity on the vacancy and defect concentration31. The situation 
is likely similar for graphene.   
 
The extremely high value of the phonon thermal conductivity of the strictly two-dimensional 
material system such as graphene comes in sharp contrast with the reduced phonon thermal 
conductivity (as compared to their bulk values) of the quasi-two-dimensional systems such as 
semiconductor quantum wells (thin films)32 and quasi-one-dimensional systems such as 
quantum wires (nanowires)33. The reduction of the phonon (lattice) thermal conductivity in 
quantum wells and nanowires comes as a result of the phonon – rough boundary scattering or 
phonon spatial confinement effects32-34. Another interesting observation is a huge range of the 
thermal conductivities of carbon materials, which spans from some of the lowest RT values of 
~0.2 W/mK reported for diamond-like carbons35 to up to ~5300 W/mK measured in this work 
for graphene. In this sense, carbon materials can serve both as thermal insulators (some of the 
diamond-like carbons or amorphous carbons) as well as the “heat superconductors” (graphene).      
 
Let us now discuss in more details the data extraction procedure. Before measuring the thermal 
conductivity we estimated the effect produced by the light, which penetrates through the 
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suspended graphene. Although the light is focused on graphene surface, it penetrates down to Si 
substrate and generates Stokes power. The power measured with the detector can be split into 
two terms PD=P+PSi, where P is the power to be dissipated in graphene and PSi is the power to 
be lost in Si substrate. Note that since we measure the power at the sample position and not at 
the laser output the losses in the spectrometer do not affect the accuracy of our method. The 
amount of the power P absorbed by the suspended graphene can be evaluated through the 
calibration procedure with HOPG, which was used to produce the graphene samples, via the 
analyses of the integrated G peak intensities from graphene and HOPG.  
 
The power absorbed in graphene is given by ( )(1 exp ) ,o G G G G oP I A a a I Aα α= − − ≈ where A is the 
illuminated area, Io is the laser intensity on the surface, αG is the absorption coefficient and aG is 
the monolayer thickness. The integrated Raman intensity from SLG can be written as36 
,G G oI N Iσ∆ = where N/A is the surface number density of the scattering atoms and σG is 
scattering cross section. Thus, the Raman intensity can be related to the absorbed power as 
( / )( / ) .G G G GI N A a Pσ α∆ =  When the same laser beam is focused on the calibration HOPG 
sample, the measured power PD≈IoA. The scattered intensity from HOPG can be obtained by 
summation over all n layers 1
1
exp( 2 ) (exp(2 ) 1) .HOPG H o H H H o H H
n
I N I a n N I aσ α σ α∞ −
=
∆ = − ≈ −∑  The 
later reduces to .(1/ 2)( / )( / )HOPG H H H DI N A a Pσ α∆ ≈ Here αH and σG are the absorption 
coefficient and scattering cross-section for HOPG with the monolayer of thickness aH.  
 
Defining the ratio of the integrated intensities as / ,G HOPGI Iς = ∆ ∆ we can express the power 
absorbed in graphene through the power measured by the detector as 
( / 2)[ / ] .H G G G H H DP a a Pς σ α σ α= The term in the square brackets is very close unity since it 
consists of the ratios of the in-plane microscopic material parameters for essentially the same 
material. The value of ζ, determined experimentally, completes the calibration. For a number of 
examined samples, we found ζ  to be 0.26. The distribution of power between the suspended 
graphene and substrate may depend on the conditions of the experiment and was checked for 
each experimental run. The presence of the microscopic corrugations in the partially suspended 
graphene has been recently reported in Ref. [37]. The latter supports our assumption about 
relatively weak coupling to the substrate. We also monitored the positions of W2 and W3 Si-O-Si 
stretching bonds [38] in the range from 800 to 1100 cm-1 at different power levels to confirm 
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that SiO2 layer is not strongly heated during the measurement. That was possible because despite 
focusing on the suspended portion of graphene, the smallest spot size is ~0.5-1.0 µm [39], and 
some of the excitation light covers SiO2 layer under graphene near the trench edges. Finishing 
the measurement error analysis we estimated that the inclusion of the finite reflectivity of HOPG 
and Si trench bottom introduces minor change to the final result (within 9% of the experimental 
uncertainty).  
 
In conclusion, we reported the first experimental study of the thermal conductivity of single-
layer graphene. Using a non-contact optical based technique we discovered that graphene 
manifests an extraordinary high RT thermal conductivity of up to (5.30±0.48)×103 W/mK. The 
measurements were performed for an individual single-layer graphene suspended over a wide 
trench in Si/SiO2 substrate. The extracted thermal conductivity of graphene is larger than any 
experimental values reported for individual suspended CNTs and corresponds to the upper 
bound of the highest values reported for single-wall CNT bundles. The superb thermal 
conduction property of graphene is beneficial for the proposed electronic applications and 
establishes graphene as an excellent material for thermal management. 
 
Acknowledgements  
A.A.B. acknowledges the support from DARPA – SRC through the FCRP Center on Functional 
Engineered Nano Architectonics (FENA). A.A.B. and C.N.L acknowledge the support from 
DARPA – DMEA through the UCR – UCLA – UCSB Center for Nanoscience Innovations for 
Defense (CNID).  A.A.B. is indebted to Drs. E.P. Pokatilov and D.L. Nika (Moldova State 
University) for checking the derivations; Drs. M. Makeev (NASA Ames), N. Kalugin (New 
Mexico Tech), M. Kuball (University of Bristol) and C. Dames (UC Riverside) for critical 
reading of the original version of the manuscript; and to Dr. A.C. Ferrari (Cambridge 
University) for insightful discussions on graphene.    
A.A. Balandin et al., 2007-08 
 9
References 
 
[1] Novoselov, K.S.; Geim, A.K.; Morozov, S.V.; Jiang, D.; Zhang, Y.; Dubonos, S.V.; 
Grigorieva, I.V.; Firsov A.A. Science 2004, 306, 666. 
[2] Zhang, Y.B.; Tan, Y.W.; Stormer, H.L.; Kim, P. Nature 2005, 438, 201; Abanin D.A.; Lee 
P.A.; Levitov L.S. Phys. Rev. Lett. 2007, 98, 156801. 
[3] Kane, C.L.; Mele, E.J. Phys. Rev. Lett. 2005, 95, 226801; Khveshchenko, D.V. Phys. Rev. B  
2006, 74, 161402.  
[4] Miao, F.; Wijeratne, S.; Zhang, Y.; Coskun, U.C.; Bao, W.; Lau, C.N. Science 2007, 317, 
1530.  
[5] Peres, N.M.R.; Castro Neto, A.H.; Guinea, F. Phys. Rev. B 2006, 73, 195411. 
[6] Morozov, S.V.; Novoselov, K.S.; Katsnelson, M.I.; Schedin, F.; Ponomarenko, L.A.; Jiang, 
D.; Geim, A.K. Phys. Rev. Lett. 2006,  97, 016801. 
[7] Pisana S.; Lazzeri, M.; Casiraghi, C.; Novoselov, K.S.; Geim, A.K.; Ferrari, A.C.; Mauri, F. 
Nature Mater. 2007, 6, 198. 
[8] Geim, A.K.; Novoselov, K.S. Nature Mater. 183, 6, 183. 
[9] Hass, J.; Feng, R.; Li, T.; Li, X.; Zong, Z.; de Heer, W.A.; First, P.N.; Conrad, E.H.; Jeffrey, 
C.A.; Berger, C. Appl. Phys. Lett. 2006, 89, 143106. 
[10] Saito, K.; Nakamura, J.; Natori, A. Phys. Rev. B  2007, 76, 115409. 
[11] Peres, N.M.R.; dos Santos, J.; Stauber, T. Phys. Rev. B 2007, 76, 073412. 
[12] Mingo, N.; Broido, D.A. Phys. Rev. Lett. 2005, 95, 096105. 
[13] Chiu, H.Y.; Deshpande, V.V.; Postma, H.W.C.; Lau, C.N.; Miko, C.; Forro, L.; Bockrath, 
M. Phys. Rev. Lett. 2005, 95, 226101. 
[14] Yu, C.H.; Shi, L.; Yao, Z.; Li, D.Y.; Majumdar, A. Nano Lett. 2005, 5, 1842. 
[15] Kim, P.; Shi, L.; Majumdar, A.; McEuen, P.L. Phys. Rev. Lett. 2001, 87, 215502. 
[16] Pop, E.; Mann, D.; Wang, Q.; Goodson, K.; Dai, H. Nano Lett. 2006, 6, 96. 
[17] Hone, J.; Whitney, M.; Piskoti, C.; Zettl, A. Phys. Rev. B 1999, 59, R2514. 
[18] Sukhadolou A.V.; Ivakin, E.V.; Ralchenko, V.G.; Khomich, A.V.; Vlasov, A.V.; Popovich, 
A.F. Diamond Relat. Mater. 2005, 14, 589.  
[19] Berger, S.; Kwon, Y-K.; Tománek, D. Phys. Rev. Lett. 2000, 84, 4613. 
[20] Osman, M.A.; Srivastava, D. Nanotechnology 2001, 12, 21. 
[21] Cahill, D.G. Rev. Sci. Instrum. 1990, 61, 802. 
[22] Liu, W.L.; Shamsa, M.; Calizo, I.; Balandin, A.A.; Ralchenko, V.; Popovich, A.; Saveliev, 
A.; Appl. Phys. Lett. 2006, 89, 171915.  
A.A. Balandin et al., 2007-08 
 10
[23] Ferrari, A.C.; Meyer, J.C.; Scardaci, V.; Casiraghi, C.; Lazzeri, M.; Mauri, F.; Piscanec, P.; 
Jiang, D.; Novoselov, K.S.; Roth, S.; Geim, A.K. Phys. Rev. Lett. 2006, 97, 187401. 
[24] Gupta, A.; Chen, G.; Joshi, P.; Tadigadapa, S.; Eklund, P.C. Nano Lett. 2006, 6, 2667.  
[25] Calizo, I.; Bao, W.; Miao, F.; Lau, C.N.; Balandin, A.A. Appl. Phys. Lett. 2007, 91, 
201904.;  
[26] Calizo, I.; Balandin, A.A.; Bao, W.; Miao, F.; Lau, C.N. Nano Lett. 2007, 7, 2645; Calizo, 
I.; Miao, F.; Bao, W.; Lau, C.N.; Balandin, A.A. Appl. Phys. Lett. 2007, 91, 071913. 
[27] Perichon, S.; Lysenko, V.; Remaki, B.; Barbier, D. J. Appl. Phys. 1999, 86, 4700. 
[28] Lysenko, V.; Perichon, S.; Remaki, B.; Barbier, D. J. Appl. Phys. 1999, 86, 6841. 
[29] Klemens, P.G. Carbon 1994, 32, 735.  
[30] Mounet, N.; Marzari, N. Phys. Rev. B 2005, 71, 205214.  
[31] Che, J. ; Cagin, T. ; Goddard III, W.A, Nanotechnology 2000, 11, 65. 
[32] Balandin, A.; Wang, K.L. Phys. Rev. B 1998, 58, 1544; Balandin, A.; Wang, K.L. J. Appl. 
Phys. 1998, 84, 6149. 
[33] Zou. J.; Balandin, A.A.  J. Appl. Phys. 2001, 89, 2932. 
[34] Pokatilov, E.P.; Nika, D.L.; Balandin, A.A. Phys. Rev. B 2005, 72, 113311; Pokatilov, E.P.; 
Nika, D.L.; Balandin, A.A. J. Superlattices and Microstructures 2005, 38, 168. 
[35] Shamsa, M.; Liu, W.L.; Balandin, A.A.; Casiraghi, C.; Milne, W.I.; Ferrari, A.C. Appl. 
Phys. Lett. 2006, 89, 161921.  
[36] Tobin, M.C., Laser Raman Spectroscopy (Wiley-Interscience, Toronto, 1971); 
Sushchinskii, M.M., Raman Spectra of Molecules and Crystals (Nauka, Moscow, 1969); 
McCreery, R.L., Raman Spectroscopy for Chemical Analysis (Wiley-Interscience, New York, 
2000).   
[37] Meyer, J.C.; Geim, A.K.; Katsnelson, M.I.; Novoselov, K.S., Booth, T.J.; Roth, S. Nature 
Lett., 2007, 446, 60.   
[38] Galeener, F. L., Phys. Rev. B, 1979, 19, 4292.  
[39] Kuball, M.; Rajasingam, S.; Sarua, A.; Uren, M. J.; Martin, T.; Hughes, B. T.; Hilton, K. P.; 
Balmer, R. S., Appl. Phys. Lett., 2003, 82, 124.   
 
 
 
 
 
A.A. Balandin et al., 2007-08 
 11
FIGURE CAPTIONS 
 
Figure 1: Raman spectrum of graphene showing the G peak and 2D band features characteristic 
for single-layer graphene.   
 
Figure 2: Scanning electron microscopy image of the suspended single and few-layer graphene 
across a trench in SiO2/Si wafer.  
 
Figure 3: Schematic of the experiment showing the excitation laser light focused on a graphene 
layer suspended across a trench. The focused laser light creates a local hot spot and generates a 
heat wave inside graphene propagating toward heat sinks.  
 
Figure 4: G-peak region of the Raman spectrum from a single-layer graphene recorded at two 
excitation power levels.  
 
Figure 5: The shift in G-peak spectral position vs. change in total dissipated power. The spectra 
are excited at 488 nm and recorded at room temperature in the backscattering configuration.    
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